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The maintenance and growth of the United States infrastructure is vital to the economic, 
social, and cultural success of the country.  For this reason significant resources must be 
allocated to ensure adequate paving mixtures are designed, produced, and constructed. A critical 
issue that has received considerable attention in recent years is to identify and quantify causes, 
sources, and levels of variability in volumetric and mechanical properties of the mixture.  This 
requires evaluation of three possible scenarios for production of asphalt mixture specimens: (1) 
laboratory mixed and laboratory compacted specimens (LL), (2) plant mixed and laboratory 
compacted specimens (PL), and (3) plant mixed and field compacted specimens (PF).  The 
objective of this project was to quantify sources and causes of variability in the measurements of 
volumetric and mechanical properties of dense-graded asphalt mixtures for three types of 
specimens. This was accomplished by collecting and reviewing published and unpublished 
national information on studies conducted to evaluate the variability of volumetric and 
mechanical properties of asphalt mixtures, and current practices adopted by the states to 
incorporate variability in the specifications. The researcher surveyed highway agencies and 
contractors that may have been able to provide data. Statistical analyses, including a meta-
analysis were conducted based on the collected data. This research reports levels of variability 
for a wide range of volumetric and mechanical properties.  Also, the levels of variability were 
comparable for various state departments of transportations (DOTs) located in different climatic 
regions. Additionally, nominal maximum aggregate size (NMS) of asphalt mixtures appears to 
influence the levels of variability observed for the various volumetric and mechanical properties. 
This report finds additional research is required to determine the cause of the variation between 
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(which result in small P-values) support the alternate hypothesis, while small values (which 
result in large P-values) support the null.   
MSTR = ∑ ( ̅ i  -  ̿ )2  ÷ df1...................................(3) 
 
MSE = ∑(  - 1) si 
2 ÷ df2..............................................(4) 
 
where, 
MSTR = Mean Square Treatment; 
MSE = Mean Standard Error; 
̅ i   = the sample average for group (or population) i;  
̿  = the overall average of all observations taken; and 
df = degrees of freedom. 
If the null hypothesis is rejected, then the conclusion is that all population means are not 
identical.  If the means are concluded not identical, the next step is to determine which of the 
population means are equivalent and which are different, at least on a pair-wise basis.  Towards 
this end, a total of  n(n – 1)÷2 hypothesis tests are performed:  the null hypotheses are that  µi = 
µj  and the corresponding alternate hypotheses are that µi  ≠  µj  , where  µi   denotes the population 
mean for group  i.  Tukey’s procedure is one of several that are available for performing these 
tests.  Of the procedures that control the probability of rejecting at least one of the n(n – 1)÷2 
null hypotheses when, in fact, all null hypotheses are true (i.e. all population means are 
equivalent), Tukey’s has the most power.  Therefore, Tukey’s procedure was used in this study at 
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σx= standard deviation from precision statement of one of the standards on which new 
standard is based; and 
σy= standard deviation from precision statement of other standard on which new standard 
is based. 
 
If a property involves the multiplication of test results from two other standards, the standard 
deviation on which precision limits should be set is calculated from the following equation: 
σ y σ x σ  ....................................................(6) 
where, 
σxy= standard deviation for determining precision limits of a test result for a new standard 
based on the products of two other test results from two other standards; 
ȳ = mean of average value of Y variable; and 
̅ = mean of average of X variable. 
If a property involves the division of test results from two other standards such as air voids, the 
standard deviation on which precision limits should be set is calculated from the following 
equation: 
σ /  .........................................................(7) 
where, 
σx/y = standard deviation for determining precision limits of a test result for a new 
standard based on the quotient of two other test results from two other standards; and all 
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Agency C S C S C S C S C S C S C S C S C S C S C S C S C S 
Alabama X X X  X X X X X X X X X X X X X X X X   X X X X 
Alaska    X      X              X   
Arkansas         X X X X X X X X       X X X X 
California X X X X X X X X X  X X           X X   
Colorado   X X     X X     X X       X X   
Connecticut No QA Program 
Delaware No QA Program 
Florida X X X    X X   X X X  X X X    X X X X X X 
Georgia X X X    X X X X  X   X X     X X  X  X 
Hawaii No QA Program 
Idaho X  X X   X X X X  X            X X  
Illinois X X X X     X X X X   X X       X X   
Indiana X X X      X X X X X X X X     X X X X  X 
Kansas X X X X  X X X   X X X X X X X X X X X X X X X  
Kentucky   X      X X X X X X       X X X X   
Louisiana1 X X X X     X X X X X X X X   X X X X X X X X 
Maine   X X     X X X X X X   X X   X X X X  X 
Maryland X X     X   X X X X X   X X     X X   
Massachusetts No QA Program 
Michigan   X      X X X X X X X X        X  X 
Minnesota X X X X   X X X X X X X X X X X X  X   X X X  
Mississippi X X X      X X X X X X   X X    X  X  X 
Missouri   X X     X X X X X X       X X X X X X 
Montana No QA Program 
Nebraska   X X     X X X X X X X X       X X X X 
Nevada    X X     X  X  X X    X  X   X  X 


























Agency C S C S C S C S C S C S C S C S C S C S C S C S C S 
New Hampshire X X X  X X      X   X X     X  X   X 
New Jersey X X   X X X X   X X X X   X X   X X   X X 
New York  X X X    X X X X X X X   X X   X X X X   
North Carolina X X   X X X X   X X X X X X X X X X X X X X  X 
North Dakota   X X     X X X X   X X       X X   
Ohio X X X X   X X X X X X X    X X   X  X    
Oklahoma   X X     X X X X           X X   
Pennsylvania X X X X   X X X X X    X  X    X X X  X  
South Carolina X  X     X    X X  X      X  X X   
South Dakota   X X      X X X   X X     X X X X  X 
Texas X  X    X  X   X X           X   
Utah   X X     X X X X X X       X  X X X  
Vermont X  X      X  X X         X   X   
Virginia   X X     X X           X X X X X X 
Washington    X      X              X   
West Virginia   X X     X X X X X X         X X  X 
Wisconsin X X X X     X X X X X X X X           




Although biodegradable solvents have been used, these solvents require more time to 
conduct the test and may yield less accuracy than chlorinated solvents (10).  Results presented in 
Table 2-2 were obtained from virgin materials and were below the ASTM precision statements 
for these tests.   
Table 2-2.  Asphalt Content Variability (STDEV) (2) 
State Year Test Std Dev. (%) Reference 
Arkansas 1994 Extraction 0.21 (2) 
Virginia 1994 Extraction 0.18 (10) 
Virginia 1994 Nuclear 0.21 (10) 
NCAT 1994 Nuclear 0.19 (9) 
NCAT 1994 Extraction 0.44 (9) 
NCAT 1994 Ignition 0.30 (9) 
Washington 1993 Extraction 0.24 (11) 
Colorado 1993 Extraction 0.15 (12) 
Kansas 1988 Nuclear 0.27 (13) 
Pennsylvania 1980 Extraction 0.25 (14) 
 
The variability in volumetric properties of laboratory-compacted samples and air void 
measurements of field-compacted samples is presented in Tables 2-3 and 2-4 (3).  It is noted that 
most of these values were reported prior to or at the beginning of the Superpave era.  One would 
expect some differences as a result of the implementation of the Superpave specification system.  
It may be observed from these tables that air voids’ variability in the laboratory is considerably 
less than air voids’ variability in the field.  However, one should note that the target air voids in 
the laboratory usually range from 3 to 5%; while in the field, air voids ranging from 3 to 8% (and 
higher) may be encountered. 
Table 2-3.  Volumetric Properties Variability (STDEV) for Laboratory Compacted Mixtures (3) 
Source Year Compactor AV, % VMA, % VFA, % Reference 
NCHRP  9-7 1998 SGC 0.70 0.90 4.24 (16) 
FHWA 1995 SGC 0.50 0.40 ---- (17)     
Virginia 1989 Marshall 0.9 0.9 4.1 (18) 
Colorado 1993 Texas Gyratory 0.3 0.3 2.7 (19) 
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Table 2-4.  Air Voids Variability (STDEV) for Field-Compacted Mixtures (3) 
Source Year Methods AV, % Reference 
California 1995 SSD 1.9 (20) 
New Jersey 1995 SSD 1.5 (21) 
Ontario 1995 SSD 1.6 (22) 
Colorado 1993 SSD 1.0 (23) 
Washington 1993 Nuclear 0.9 (24) 
Virginia 1984 SSD 1.3 (25) 
 
NCHRP 9-20 reviewed the variability observed in asphalt pavement construction in order 
to develop specifications limits for the WesTrack project and as part of the development of 
performance-related specifications for HMA construction (26).  Variability was described in 
terms of the standard deviation assuming that test results are normally distributed.  Table 2-5 
presents the variability in aggregate gradation obtained from cold-feed samples.  In general, it 
was determined that variability of aggregate obtained from cold-feed samples and from solvent 
extraction is greater than the variability of aggregates obtained from hot-bin samples.  Variability 
in aggregate gradation also appears to have decreased from the 1960s to the 1990s. Table 2-6 
presents the variability in asphalt content as reported from various sources and for different plant 
types, fine control systems, and mixture types.  Most of the data presented in this table were 
obtained using the solvent extraction method. 




3/8in #4 #8 #16 #30 #50 #100 #200 
Surface 1969 36 1.1 8.4 9.6 9.2 6.9 3.6 2.4 1.5 
Surface 1969 36 0.8 3.9 4.7 5.7 4.3 3.9 2.8 1.5 
Surface 1969 36 2.3 6.5 5.8 4.9 4.1 2.6 1.4 0.9 
Binder 1969 36 9.4 8.4 7.9 6.1 4.6 2.9 1.5 0.5 
Binder 1993 32 3.2 3.3 3.2 3.3 1.8 1.0 0.6 0.6 





Table 2-6.  Asphalt Content Variability (STDEV) for Different Plant Types (26) 
Mixture Batch/Baghouse Batch/Wet Wash Drum/Baghouse Drum/ Wet Wash 
Surface 0.20 0.17 0.19 0.29 
Binder 0.20 0.17 0.24 0.29 
Binder w/RAP 0.23 0.20 0.25 0.20 
Base 0.22 0.21 0.31 0.30 
Base w/RAP 0.34 0.22 ---- 0.38 
 
A number of studies quantified the levels of variability observed in volumetric 
measurements conducted by the contractor and state agency.  Parker and Hossain (27) 
determined the variability of Superpave asphalt-pavement construction in Alabama during the 
1997, 1998, 1999, and 2000 construction seasons.  Three volumetric properties were evaluated: 
asphalt content measured with nuclear gages, air voids measured on gyratory compacted samples 
of plant-produced mix, and mat density measured with nuclear gages.  While differences 
between the contractor and state agency data were evaluated, the two data sets were combined in 
the assessment of variability.  While the standard deviation in the measured asphalt content 
(deviation from the design binder content) was relatively constant over the years at about 0.25%, 
the standard deviation of air void measurements stabilized at about 0.9%.  It was also reported 
that the mean air void content appeared to have stabilized at a value that is 0.4% lower than the 
4% target.  The standard deviation of field density measurements was about 1.1%, which was 
comparable to Marshall mixes.  Contractor measurements were less variable than those 
conducted by Alabama DOT.  Statistical comparison of the variability of the two data sets 
(standard deviation) indicated that the differences were statistically significant.  Variability of 
field measurements was found to increase as the design equivalent single axle load (ESAL) 
increases and decrease as the NMS increases. 
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Hall and Williams (28) conducted a study to establish typical HMA construction 
variability for air voids, VMA, asphalt content, and field density in Arkansas.  While air void, 
VMA, and asphalt content were measured in the laboratory from plant-produced mixture, mat 
density was determined from field-extracted cores.  Six asphalt overlay projects with a 12.5-mm 
Superpave coarse-graded surface mixture were truck-sampled by the contractor, the agency, and 
the research team for evaluation.  There was no statistical difference among operators for the 
measured volumetric properties, which allowed combining the data in order to assess variability.  
Collected data validated that recorded measurements can be assumed to follow a normal 
probability distribution function.  Variability was grouped into three levels, indicative of the 
project overall quality: high quality, medium quality, and low quality.  Variability in the standard 
deviation of asphalt content (deviation from the design binder content), air voids, VMA, and 
field density ranged from 0.18 to 0.41%, 0.65 to 2.1%, 0.35 to 1.14%, and 0.79 to 1.31%, 
respectively. 
Schmitt et al. (29) evaluated the level of bias found in field split-sample testing of HMA 
by comparing measurements conducted in the agency and the contractor laboratories.  Split 
samples control all sources of variability except those introduced due to the testing process.  For 
this purpose, data were obtained from 16 construction projects conducted in six states.  Two-way 
split sample testing between the contractor and the agency was conducted in 10 projects and 
three-way split sample testing between the agency, contractor, and the Asphalt Institute, as an 
independent laboratory was made in six projects.  Measured HMA properties included aggregate 
gradation, asphalt content, maximum specific gravity, bulk specific gravity, air voids, VMA, and 
VFA.  Based on these data, reliable estimates of the bias (mean difference between labs) and the 
standard deviation of the mean difference were obtained. 
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Results of this analysis indicated that mean bias was mostly within allowable differences, 
as described in states’ specifications; however, biases when the three labs were considered, were 
inconsistent.  Although the mean bias was within tolerance limits, the authors pointed out that 
difference between individual split-sample test results often exceeded the allowable variability.  
These results indicate that the variability in the bias should also be considered.  In many cases, 
the standard deviation of the bias was greater than the bias value.  A statistical comparison 
between the means obtained from the two labs found statistically significant differences. 
Hand and Epps (30) evaluated the effects of test variability on mixture volumetric 
properties for both within and between laboratory conditions.  Mixture measurements (Gb, Gsb, 
Gmb, and Gmm) were made for a coarse 19-mm nominal size Superpave mix.  These 
measurements were combined with the single-operator and multi-laboratory standard deviations 
obtained from ASTM and AASHTO precision statements in a Monte Carlo Simulation to assess 
the effects of variability on the mixture volumetric properties.  This study summarized the 
current precision statements adopted by AASHTO and ASTM for volumetric properties.  These 
statements, which are presented in Tables 2-7 and 2-8, are based on the standard deviation of the 
population of measurements (1s).  The acceptable difference between two measurements of the 
same material by the same operator is known as two-sigma limit (d2s), i.e., a difference that 
should not be exceeded more than 1 time in 20.  The researchers noted that the precision of 
AASHTO T 166 is not clearly defined in the AASHTO standards, as it is only mentioned as: 




Table 2-7.  AASHTO and ASTM single-operator (within laboratory) precision statements for relevant HMA properties (30) 
Designation 
HMA Property 
Single Operator Precision 
AASHTO ASTM 
Standard Deviation (1s) 
Acceptable Range of 
Two Results (d2s) 
AASHTO ASTM AASHTO ASTM 
T228 D70 Asphalt Cement Specific Gravity 0.0008 0.0008 0.0023 0.0023 
T85 C127 Coarse Aggregate Specific Gravity 0.009 0.009 0.025 0.025 
T84 C128 Fine Aggregate Specific Gravity 0.011 0.011 0.032 0.032 
T166 D2726 Bulk Specific Gravity of HMA ^ 0.0124 ^ 0.035 










Table 2-8.  AASHTO and ASTM multi-laboratory precision statements for relevant HMA properties (30) 
Designation 
HMA Property 
Single Operator Precision 
AASHTO ASTM 
Standard Deviation (1s) 
Acceptable Range of 
Two Results (d2s) 
AASHTO ASTM AASHTO ASTM 
T228 D70 Asphalt Cement Specific Gravity 0.0024 0.0024 0.0068 0.0068 
T85 C127 Coarse Aggregate Specific Gravity 0.013 0.013 0.038 0.038 
T84 C128 Fine Aggregate Specific Gravity 0.023 0.023 0.066 0.066 
T166 D2726 Bulk Specific Gravity of HMA ^ 0.0269 ^ 0.076 









^ Duplicate bulk specific gravity results by the same operator should not differ by more than 0.02. 
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quantity from which a sample is randomly obtained.  To ensure that the sample is entirely 
random, a set of random numbers is selected prior to sampling (it may be a daily procedure) from 
a table of random numbers.  These random numbers are then multiplied by the size of each 
sublot to obtain the truck or the location that will be sampled.  A truly random sample cannot 
always be obtained due to difficulty during the sampling process and the flow of paving 
operations.  Nevertheless, sampling efforts must strive for randomness to obtain the most 
unbiased sample possible. 
In 2002, Hassan (34) compared the asphalt content obtained from three sampling 
techniques.  Colorado DOT (CDOT) allows HMA samples to be obtained using three different 
methods (Colorado Procedure 41-06): using a tube sampler at the plant, from the windrow prior 
to placement, and behind the paver.  During this research, samples were collected from 21 
different CDOT projects.  On each project, samples were collected using at least two of the three 
methods used by CDOT.  The asphalt content was then determined from each collected sample 
using the ignition method and results were compared statistically.  Results of this study indicated 
that the asphalt contents obtained from the different sampling techniques were statistically 
equivalent. 
A study conducted by Turner and West (35) evaluated the difference in contractor test 
parameters obtained from various sampling techniques.  Two mixes were evaluated: one with an 
asphalt absorption of 0.4% and a second with an asphalt absorption of 0.9%.  With respect to 
asphalt content, truck sampling resulted in values significantly higher than roadway sampling for 
one mix.  For another mix, truck sampling resulted in values comparable to roadway cores.  With 
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other hand, a good correlation was observed between air voids measured using SSD and the 
CoreLok method (R2 = 0.92).  In general, the CoreLok measured air voids that were about 0.5% 
higher than those determined using the AASHTO T-166 method.  It was also reported that the 
binder course mixture had the highest variation as measured by all three methods. 
Hall et al. (37) determined operator variability in measuring the bulk specific gravity of 
HMA using three different laboratory test methods: the saturated surface-dry method, the 
vacuum sealing method, and the height/diameter method (ASSHTO T 269).  Loose mixes with a 
NMS of 12.5 mm were obtained from six different job sites in Arkansas and were compacted in 
the laboratory for testing (PF).  Each core was tested in triplicate by three different operators and 
using the three test methods.  Nine operators participated in the testing process in order to 
determine multi-operator variability for each test method.   
Results of this study indicated that the CoreLok method had the lowest multi-operator 
variability based on the standard deviation of the 144 cores tested while the SSD method 
exhibited the highest variability.  In addition, there were significant differences between the bulk 
specific gravity measured by the three test methods.  This was particularly evident for the values 
measured by the height/diameter method as compared to the values obtained from the CoreLok 
and the SSD test method.  Results of this study also demonstrated that by changing the test 
method, a difference in air voids and VMA is obtained that ranges from 0.36 to 0.9% and from 
0.31 to 0.79%, respectively. 
Buchanan (38) evaluated four laboratory test methods used to measure bulk specific 
gravity: the SSD method, the parafilm test, dimensional analysis (height/diameter method), and 
the vacuum sealing method.  The parafilm method consists of coating or wrapping the surface of 
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the sample with parafilm to seal all the surface voids.  Four laboratory-prepared mix types were 
evaluated (LL):  open-graded friction course (OGFC), stone matrix asphalt (SMA), coarse-
graded Superpave mix, and fine-graded Superpave mix.  Each test condition was evaluated in 
triplicate samples.  Results of this analysis showed that the vacuum sealing, the water 
displacement, and the parafilm methods provided similar measurements for fine and coarse-
graded Superpave mixes.  Buchanan concluded that the vacuum sealing method provided the 
most accurate measurement of the bulk specific gravity while the accuracy of the other test 
methods seems to be dependent on mix parameters.  The SSD method was less accurate with 
coarse-graded mixture as the estimated sample volume tends to be lower than the actual volume.   
Repeatability and variability of the vacuum sealing method were compared to those for 
the SSD method in measuring the bulk specific gravity of asphalt mixtures by conducting a 
round-robin experiment between 18 laboratories (39).  Sources of error in the SSD method when 
measuring Gmb of coarse-graded mix were identified and explained.  During water submersion, 
water infiltrates quickly into the sample due to the large internal air voids.  However, it is 
difficult to obtain an accurate estimate of the saturated-surface dry condition as part of the water 
drains quickly from the sample as it is removed from the bath.  Laboratory-mixed and compacted 
samples were prepared by the National Center for Asphalt Technology (NCAT) and were 
provided to each laboratory for testing.  Three mix types (stone matrix asphalt and coarse- and 
fine-grade mixes) compacted at three air voids contents (low with 15 gyrations, medium with 50 
gyrations, and high with 100 gyrations), were prepared and provided to the laboratories.   
Results were used to develop precision statements for the vacuum sealing and SSD test 
methods, which assessed the variability of measurements conducted by a single operator (i.e., 
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repeatability) and the variability of measurements conducted by multiple laboratories 
(reproducibility).  Multi-laboratory standard deviation is usually larger than the single-operator 
standard deviation since it accounts for the variability due to equipment, operators, and 
laboratory environments.  Table 2-9 presents the average bulk specific gravities, standard 
deviations, and COVs for the different mixes and in order of increasing compaction level.  Based 
on these results, the study concluded that the CoreLok procedure is slightly more variable than 
the SSD test method.  However, when outliers were removed from the dataset, there was no 
significant difference in the variability between the test methods. 
The precision estimates indicated that two properly conducted tests by the same operator 
on the same material should not differ by more than 0.031 for AASHTO T 166 and by 0.035 for 
the CoreLok method.  The single-operator standard deviation was measured to be 0.0121 for 
AASHTO T 166 and 0.0124 for the CoreLok method.  However, it was noted that these 
estimates were developed for laboratory mixed and compacted samples (LL).  Comparison with 
the uncorrected gyratory densities indicated that AASHTO T 166 tends to overestimate Gmb at 
high air void levels, while the CoreLok procedure does not. 
Buchanan and Brown (40) compared the variability and practical differences between 
three main brands of Superpave gyratory compactors.  All Superpave gyrator compactors met the 
specifications set by AASHTO TP4 and were verified to meet required tolerance limits.  Two 
sets of tests were conducted and were presented.  In the first phase, aggregate batches and the 
asphalt binder were prepared and sent to three laboratories for mixing and compaction.  This 




Table 2-9.  Averages, Standard Deviations, and COVs Reported for Measurements of Gmb (39) 
 Average Standard Deviation Coefficient of Variation 
 Within Lab Between Lab Within Lab Between Lab 
Mix SSD Corelok SSD Corelok SSD Corelok SSD Corelok SSD Corelok
CG 15 2.226 2.188 0.0335 0.0313 0.0353 0.0356 1.50 1.43 1.59 1.63 
CG 50 2.353 2.342 0.0220 0.0237 0.0222 0.0263 0.94 1.01 0.94 1.13 
CG 100 2.403 2.393 0.0169 0.0215 0.0169 0.0215 0.70 0.90 0.70 0.90 
FG 15 2.282 2.283 0.0076 0.0119 0.0080 0.0119 0.33 0.52 0.35 0.52 
FG 50 2.356 2.360 0.0177 0.0122 0.0191 0.0124 0.75 0.52 0.81 0.53 
FG 100 2.392 2.397 0.0134 0.0098 0.0134 0.0107 0.56 0.41 0.56 0.45 
SMA 15 2.278 2.233 0.0207 0.0288 0.0228 0.0288 0.91 1.29 1.00 1.29 
SMA 50 2.374 2.352 0.0226 0.0479 0.0236 0.0479 0.95 2.04 0.99 2.04 
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compacted (LL).  Variation limits for aggregate gradation (sieves No. 4 and No. 200), asphalt 
content, and air voids were set based on observed variability in field projects.  A total of six 
gradations, three asphalt binder contents, and three air voids levels representative of variation 
limits were selected.  Mechanical properties included general strength using the modulus of 
resilience test, rutting resistance using the Asphalt Pavement Analyzer (APA), fatigue resistance 
using beam fatigue, and thermal cracking resistance using the thermal stress restrained specimen 
test (TSRST).  Results of this analysis indicated that construction variability had a significant 
impact on measured mechanical properties and pavement performance.  In addition, mixtures 
that deviate significantly from the specifications had an 81% chance to exhibit poor performance 
in the field. 
Mohammad and co-workers evaluated the variability in the mechanical properties of plant 
produced-laboratory compacted asphalt mixtures (46).  Loose mixture for the binder and surface 
courses was obtained directly from the paver in six sections in an overlay project.  Each section 
represented a sublot quantity of 1000 tons.  These HMA mixtures were subsequently transported 
to a nearby mobile laboratory and compacted to the desired density and geometry (PL).  Prepared 
specimens were tested using the indirect tensile strength test, the dynamic shear modulus test 
(Superpave Shear Tester), the dynamic complex modulus test, the flow number test, and the 
Hamburg load wheel tester.  Test results were used to determine variation within and among 
sections.  For the binder and surface courses, the average COVs in the indirect tensile strength 
test results were 15.6% and 9.3%, respectively.  Similarly, the average COVs for the binder and 
surface mixtures in the Shear Tester were 16% and 15%, respectively.  The average COV in the 
dynamic complex modulus, the flow number, the flow time, and the Hamburg rut depth were 
20%, 35%, 22%, and 20%, respectively. 
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A number of studies evaluated the repeatability of the Asphalt Pavement Analyzer (APA) 
test and determined the sensitivity of this test to mix design variables including performance 
grade of binder, aggregate gradation, NMS, aggregate angularity, air voids, and asphalt content 
(47; 48).  Hong and Kim (47) reported that the binder PG was the only variable that shows 
significant impact on APA rut results.  Kandhal and Cooley (48) investigated the suitability of 
this device to predict rutting in the field and to be used in QA activities as part of NCHRP 9-17.  
An experimental program was conducted on 10 HMA mixes of known rutting performance as 
established at WesTrack, MnRoad, and the FHWA ALF test facilities.  Aggregate blends and 
asphalt binder were obtained from each test facility and were used to prepare cylindrical and 
beam samples in the laboratory (i.e., LL).  Samples were tested in the APA using two hose 
diameters (standard 25 mm and 38 mm) and at a temperature 6°C higher than the high 
temperature grade of the binder.  Results of the experimental program indicated that the standard 
hose produced less variability than the large-diameter hose.  The COV for the tests was less than 
6% for all considered test combinations. 
Tran and Hall (49) evaluated the accuracy and variability of the dynamic complex modulus 
test and the effects of binder content and air voids on the results of this test.  Two mixtures with 
a NMS of 12.5 and 25.0 mm that made use of one binder type and one aggregate blend were 
prepared.  Air voids of the specimens were varied to achieve two targets air voids of 4.5 and 
7.0%.  In addition, the binder content of the prepared specimens varied between three levels: 5.5, 
6.0, and 6.5%.  Tests were conducted on four replicates to assess variability in the dynamic 
modulus test.  The COV for the majority of the tests (86%) was 15% or less.  Results of this 
analysis showed higher variability at high temperatures and high frequencies.  Results also 
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respectively.  As shown in these figures, while the two data sets had similar modulus of 
resilience values, the complex shear modulus of SGC samples was about 47% higher than that of 
roadway cores.  Based on the results of this study, it was concluded that SGC samples showed 
significantly higher mechanical properties than roadway cores. 
 
 (a) (b) 
Figure 2-1.  Relationship between SGC Samples and Roadway Cores for (a) the Modulus of 
Resilience and (b) the Complex Shear Modulus (53) 
 
Airey and co-workers (54) evaluated the relationship between laboratory and field 
compaction by comparing volumetric and mechanical properties of produced mixtures.  Four 
compaction methods were evaluated:  Superpave gyratory compactor, vibratory compactor, roller 
compactor, and field compaction. Four asphalt mixtures with NMS ranging from 14 to 32 mm 
and three grades of asphalt binder were selected.  Samples were examined using digital image 
analysis and tested using the modulus of resilience test.  Results of this analysis indicated that 
segregation tends to be more prevalent in vibratory and gyratory compacted specimens than in 
slab- and field-compacted specimens.  In addition, slab-compacted specimens tended to show 
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contrary, in a study for SHRP, Button et al. (55) demonstrated that a gyratory compactor (Texas 
gyratory with a gyratory angle of >5degrees) produced specimens that yielded properties much 
closer to field cores than a slab compactor (Exxon rolling wheel) used.  In fact, their findings 
were used by SHRP to justify a gyratory compactor over the much more time-consuming slab 
compaction plus coring for mixture design in the Superpave system. 
Masad et al. (56, 57) investigated the relationship between field and laboratory 
compaction and the influence of the compaction effort on the measured air voids.  Field 
compaction was monitored in test sections from three field projects by counting the number of 
roller passes and their relative locations during each pass.  Field cores were obtained from 
different locations in the mat and the air voids was measured by the SSD method.  An index 
known as the Compaction Index (CI) was introduced that describes the efficiency of the 
compaction process as a function of the number of passes and the position of the point in the 
lane.  The CI allows one to estimate the required compaction effort in the field based on the 
slope of number of gyrations and percent air voids in the laboratory.  Based on this relationship, 
the authors recommended using the CI during the mixture design phase in order to determine the 
required field compaction effort and to avoid distresses associated with poor mix compaction.  
By conducting x-ray computed tomography (CT) on the extracted cores, the authors concluded 
that the middle part of the specimens is more compacted than the top and bottom parts of the 
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W/L d2s B/L d2s 
Field Density (SSD) AASHTO T 166 0.02* NA NA NA 
Field Density 
(Electromagnetic) 
AASHTO T P68 NA NA NA NA 
ASTM D 7113 1.28 lb/ft3 1.47 lb/ft3 3.6 lb/ft3 4.1 lb/ft3 
Field Density 
(Nuclear) 
ASTM D 2950 0.93 lb/ft3 3.35 lb/ft3 2.62 lb/ft3 13.1 lb/ft3 
Asphalt Absorption ASTM D 4469 NA NA NA NA 
Coarse Aggregate 
Angularity (CAA) 
AASHTO TP 61 NA NA NA NA 
ASTM D 5821 5.2 7.6 14.7 NA 
Fine Aggregate 
Angularity (FAA) 
AASHTO T 304 0.13 0.33 0.37 0.93 
ASTM C 1252 0.33 1.1 0.94 3.1 
Flat and Elongated 
Particles 
ASTM D 4791 Varies with Gradation 
* Represented by the variation of Bulk Specific Gravity (AASHTO T 166) 









W/L d2s B/L d2s 
Indirect Tensile 
Strength (psi) 
ASTM D 6931 12 NA NA NA 
Water Susceptibility 
(TSR) (psi) 
AASHTO T 283 NA NA NA NA 
ASTM D 4867 8 psi 8% 23 psi 23% 
 
The AASHTO Materials Reference Laboratory (AMRL) conducts periodic round-robin 
testing through the proficiency sample program (PSP).  Using the core dataset, repeatability 
(within laboratory variability) and reproducibility (between laboratory variability) are estimated 
based on the analysis method developed in NCHRP 9-26 (58).  To determine these statistics 
(within laboratory and between laboratories variability), certified laboratories test two samples of 
the same material.  For asphalt mixes, aggregates and asphalt are sent to participating 
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pay factors and for acceptance of HMA construction.  Tolerance limits are rarely set in the 
specifications for mechanical properties such as dynamic complex modulus and flow number.   







Gmm Gmb VMA 
Alabama ±0.3% ±0.50% ±1.50%    
Alaska ±0.4%  92-98%    
Arizona ±0.2% ±0.2%     
Arkansas ±0.3% ±1.0% 92-96%    
Colorado ±0.3%  92-96%    
Connecticut ±0.4%  92-97%    
Delaware ±0.4%  92% min.    
Washington 
D.C. 






Coarse     
+2.0%,-
1.2% Fine 
   
Georgia ±0.4% ±0.5%     
Hawaii ±0.4%  92-97%    
Idaho ±0.4%  92-95%    
Illinois ±0.3% ±1.2% 92-97.5% ±0.026 ±0.045  
Indiana ±0.5% ±1.0%    ±1.0% 
Iowa ±0.3% +1.0%,-0.5% 92-96%   ±1.0% 
Kansas ±0.6% ±2.0%     
Kentucky ±0.5% ±1.0% 89-98%   ±1.5% 
Louisiana ±0.2% ±0.5% 92%    
Maine ±0.2% ±0.9% ±2.5%   ±0.9% 
Maryland ±0.2%  92-97%    
Massachusetts ±0.2%  95%    








Air Voids Mat Density Gmm Gmb VMA 
Minnesota -0.4% ±1.0%    -0.3% 
Mississippi -0.3%,+0.5% ±1.3%  ±0.020 ±0.030 -1.5% 
Missouri ±0.3% ±1.0% ±2.0%   -0.2, +2.0% 
Montana ±0.3%  95%    
Nebraska ±0.5%  95% ±0.015 ±0.020  
Nevada ±0.4%  92-96%    
New 
Hampshire 
±0.4% ±2.0%     
New Jersey   95-97%    
New Mexico ±0.3% ±1.6% ±2.5%   ±1.6% 
New York ±0.4% ±2.0%  ±0.019 ±0.020 -1.0% 
North Dakota ±0.3% ±2.0%  ±0.020 ±0.040  
Ohio ±0.4%      
Oklahoma   92-97%    
Oregon ±0.5 ±1.0% 91/92% min ±0.020   
Pennsylvania ±0.7%/±0.8% ±2.0% 90-97%    
Rhode Island ±0.3%      
South Carolina ±0.4%  95%  ±0.035  
South Dakota ±0.3%      
Tennessee ±0.25% ±0.2%  ±0.025   




   
-2.0%, 
+3.0% 
Vermont  ±1.0%     
Virginia ±0.6%      
Washington ±0.6% ±0.7%     
West Virginia   92-97%    
Wisconsin ±0.4% ±1.3%  ±0.020 ±0.030 -1.5% 
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2. Of the following mechanical properties, which data will your state be able to provide the 
research project? 
 Dynamic complex modulus (E*) 
 Flow number (FN) 
 Permanent deformation  
 Asphalt pavement analyzer 
 Permanent deformation (Hamburg LWT) 
 Modified Lottman or other measures of water susceptibility 
 Indirect tensile strength 
 Others (Please Specify) 
3. What are the allowable levels of variability and tolerance limits for the different mechanical 
and volumetric properties? 
4. Identify contractors and researchers in your state that we may contact to obtain contractor 
and state volumetric and mechanical data. 
 
The overall response rate to the questionnaire was about 70% with 36 state DOTs responding 
to the survey.  A list of the respondents is shown in Figure 2-2.  The states that did not respond to 
the survey (shown in red) were Montana, South Dakota, New Mexico, Hawaii, Alaska, Missouri, 
North Carolina, Michigan, Ohio, West Virginia, Pennsylvania, New Jersey, New York, Vermont, 
Rhode Island, and Massachusetts.  As expected, the majority of states responded positively to 
request for volumetric data, see Table 2-15.  In contrast, only a few states responded positively to 
the request for mechanical data.  Tables 2-15 and 2-16 present the number of states that 
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AV AC Gmb Density VMA VFA Gmm 
ST* TM** ST TM ST TM ST TM ST ST ST C S T 
CA PL - - PL - - - PF - - - - Y Y - 
FHWA PL PL - PL 
IO 
NC 
PL - - - PL PL PL - - Y 
FL PL PL SSD - - - - PF SSD PL PL - Y Y Y 




SSD PL IO - - PF SSD PL - - Y Y - 
IA - PL - - - PF SSD   - - PL - Y - 
KS - PL - - - - - PF - - - - Y Y - 

















- - - - - - - - - - Y - 
LA(2) - PL SSD - - - - PF SSD - -  - Y - 
NC PL PL - PL - PL - PF SSD PL PL PL Y Y - 
OK PL PL SSD PL - PL SSD - - PL - - - Y - 
WI - PL - PL - PL - PF - PL - PL - Y - 
OOMS  PL 
PL 
PF 
- PL - 
PL 
PF 
- - - - - 
PL 
PF 
Y - - 
 
ST*: Sample Type, TM**: Test Method; LL: Lab mix-Lab compacted, PL: Plant mix-Plant compacted, PF: Plant mix-Field compacted; SSD: Saturated Surface 
Dry, VS: Vacuum Sealing, PQI: Pavement Quality Indicator, IO: Ignition Oven, SE: Solvent Extraction, NC: Nuclear method, BC: Back Calculation method, 




Table 3-2.  Summary of Data Sets Analyzed in Task 2 (Mechanical) 
 ITS E* Flow Number 
Test Methods
States 
PL PF LL PL PF LL PL PF LL
University of Arkansas      X    
Louisiana X X        
MnROAD    X   X   
FHWA    X  X X  X 
 
It should be noted that the researcher was tasked with reformatting the data from its original state 
in order to use it in data analyses.  Provided data were used to compare differences between state 
and contractor measurements and to quantify the levels of variability in the collected volumetric 
properties. 
State DOT vs. Contractor 
For each mixture type, single factor ANOVA was performed to ascertain the differences (if any) 
between state (S) and contractor (C) for the dependent variables (i.e., asphalt content, field 
density, and gradation).  Significance tests were based on the t-distribution with no assumption 
on the equality of variances.  The number of mixes tested varied for the different properties 
depending on the availability of at least two replicates for each mix to allow for the statistical 
comparison.  As shown in Table 3-3, while the majority of the comparisons supported that 
measurements conducted by the state and the contractor were statistically equivalent, some 
differences ranging from 9 to 37% were noted.  The mixes that showed differences in the 
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Table 3-4.  Levels of Variability in California DOT Volumetric Properties (STDEV and COV) 




Asphalt Content C 0.18 3.6 
Asphalt Content S 0.24 4.7 
Field Density C 0.74 0.8 
Field Density S 1.09 1.1 
Passing 19.0 mm C 0.82 0.8 
Passing 19.0 mm S 0.91 1.0 
Passing 12.5 mm C 1.16 1.4 
Passing 12.5 mm S 1.49 1.8 
Passing 9.5 mm C 1.91 2.7 
Passing 9.5 mm S 2.19 3.1 
Passing No. 4 C 1.87 3.8 
Passing No. 4 S 2.18 4.5 
Passing No. 8 C 1.82 5.0 
Passing No. 8 S 2.19 6.1 
Passing No. 30 C 1.57 8.4 
Passing No. 30 S 1.89 9.9 
Passing No. 50 C 1.13 8.7 
Passing No. 50 S 1.07 8.3 
Passing No. 200 C 0.84 17.5 
Passing No. 200 S 0.66 14.5 
 
Five rehabilitation projects in Louisiana were selected in which several sublots were 
tested in each. Table 3-5 provides details about these projects and the types of data available.  
Air voids were measured in the laboratory using the conventional (SSD – AASHTO T 166) and 
vacuum sealing (V – AASHTO T 331) methods and in the field using the Pavement Quality 
Indicator (PQI – AASHTO TP 68) electromagnetic device.  The PQI device was used to measure 
the pavement density in the field, and then cores were taken at these locations and tested using 
the SSD and vacuum sealing methods in the laboratory. 
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The indirect tensile strength (ITS) test was conducted at 25°C according to ASTM D 
6931-07 on pavement cores (PF) and on laboratory-mixed specimens (PL).  To allow for 
comparison between the ITS of pavement cores and laboratory-mixed specimens, samples were 
compacted in the laboratory to achieve air voids that matched the measured air voids for the 
pavement cores. 














1 US 190 Binder Course 25.0 2 AV, ITS PL, PF3 
2 US 190 Binder Course 25.0 2 AV, ITS PL, PF 
2 
3 US 190 Base Course 25.0 3 AV, ITS PL, PF 
4 US 190 Base Course 25.0 2 AV, ITS PL, PF 
3 51 Vinton Wearing Course 12.5 6 AV, ITS PL, PF 
4 
6 Egan Binder Course 25.0 9 AV, ITS PL, PF 
7 Egan Wearing Course 12.5 9 AV, ITS PL, PF 
52 
8 964 Wearing Course 25.0 6 AV, ITS PL, PF 
9 964 Binder Course 19.0 4 AV, ITS PL, PF 
1 Stone Mastic Asphalt (SMA); 2 Marshall Mixture; 3 PF only for air voids. 
Two ITS measurements were available for each sublot (one PF and one PL), while four to 
six replicates were available for air void measurements conducted using each test method.  
Replicates were provided by the sublots within the mixture, so the observed variability within the 
mixture included sublot to sublot variability.  Collected measurements were used to identify 
differences between PL and PF for ITS.  In addition, the level of variability observed in the 
collected measurements within each sample type (PL and PF) was quantified.   
For each mixture type, single factor ANOVA was performed to ascertain the differences 
(if any) between sample types PF and PL for ITS and between test methods for air voids.  As 
shown in Table 3-6, six of the nine mixtures showed statistically equivalent ITS values for PF 
and PL specimens.  In addition, four of the eight mixtures showed statistically significant 
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differences in air void measurements conducted using conventional, vacuum sealing, and PQI 
test methods.  It is to be noted that the same four mixtures showed differences between vacuum 
sealing and conventional test methods as measurements using these two methods were conducted 
on the same cores. 
Table 3-6.  Analysis of Variance for the Louisiana Data 
Mixture ID NMS (mm) Air Voids ITS 
1 25.0 PQI=SSD, VPQI, VSSD PFPL 
2 25.0 PQISSDV PFPL 
3 25.0 PQISSD, V=PQI, VSSD PF=PL 
4 25.0 SSD = V1 PF=PL 
5 12.5 PQI = SSD = V PF=PL 
6 25.0 PQI = SSD = V PF=PL 
7 12.5 PQI = SSD = V PFPL 
8 25.0 PQI = SSD, VPQI, VSSD PF=PL 
9 19.0 PQI only2 PF=PL 
1 only conventional and vacuum sealing methods were conducted; 2 only PQI was conducted 
for this mixture. 
 
For each mixture type, the levels of variability (standard deviation for air voids and 
standard deviation and COV for ITS) observed for the dependent variables (i.e., air voids and 
ITS) were quantified.  The COV was included for the ITS, as it is often used when referring to 
the variability observed in mechanical properties.  Results of this analysis are presented in Table 
3-7.  The average levels of variability observed for the three test methods were relatively 
comparable (PQI = 0.8%, SSD = 0.7%, and V = 0.9%).  However, the range of variability for the 
PQI appears relatively wider than that for the other two test methods (0.4 - 1.3 vs. 0.6 - 0.8 and 
0.6 - 1.1).  The average COVs for the ITS measurements were 11.9% for PF specimens and 
15.4% for PL specimens.   
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(%) PQI SSD V 
1 25.0 PF 1.2 0.6 0.9 10.0 6.3 
1 25.0 PL ----   7.1 6.4 
2 25.0 PF 0.8 0.6 1.1 2.8 1.7 
2 25.0 PL ----   7.1 3.0 
3 25.0 PF 1.2 0.6 0.9 14.5 12.4 
3 25.0 PL ----   29.8 27.1 
4 25.0 PF ---- 0.7 0.9 8.5 3.8 
4 25.0 PL ----   66.5 29.9 
5 12.5 PF 0.4 0.6 0.6 0.7 0.4 
5 12.5 PL ----   8.5 5.0 
6 25.0 PF 0.6 0.7 1.1 27.6 16.3 
6 25.0 PL ----   37.0 21.9 
7 12.5 PF 0.4 0.8 0.9 17.2 10.9 
7 12.5 PL ----   17.5 9.3 
8 25.0 PF 1.3 0.8 1.1 47.2 23.8 
8 25.0 PL ----   44.9 18.6 
9 19.0 PF 0.7 ---- ---- 63.1 31.6 
9 19.0 PL ----   45.3 17.2 
Average  PF 0.8 0.7 0.9 21.3 11.9 
Average  PL ----   29.3 15.4 
 
Figure 3-2 presents the change in air voids variability with the mix NMS.  It appears that 
the smaller NMS mix [i.e., Mixture ID 5 and 7 (the 12.5-mm size)] yielded better comparisons 
between the three methods of air void determination than most of the 25.0-mm mixes.  This trend 
may be due to the fact that coarser-graded mixes, such as 25.0-mm NMS mixtures may provide 
inaccurate results based on the SSD and PQI tests.  The coarser grading of such mixes often 
causes water leakage during the SSD procedure, and the coarser macrotexture of such pavements 
can impede the proper seating of density gauges.  Both of these conditions may affect the density 
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test results.  In addition and as shown in this figure, the PQI method seems to be affected more 
by the mix NMS than was SSD or V, as the observed, PQI variability increased substantially 
with the increase in NMS. 
 
Figure 3-2.  Air Voids Standard Deviation versus Mix Nominal Maximum Size 
Volumetric Analysis 
The LADOTD provided the researcher with volumetric and field density data obtained from 367 
projects and 1,333 mixtures for the period ranging from 2006 to 2009.  The data consist of AV 
and field density expressed as a percentage of Gmm.  Air voids and field density were measured 
using the SSD method (AASHTO T 166 – DOTD TR 304).  Measurements were conducted by 
the state agency as pay parameters with no contractor data available.  Data were organized on a 
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RAP contents ranging from 20 to 30% were used.  As presented in Table 3-9, RAP was 
processed (i.e., crushed) for four of the mixtures and was sized (i.e., fractionated) for the other 
four. 
















1 Surface 12.5 58-28 5.2 30 Crushed  E*, , and FN 
2 Base 12.5 58-28 5.5 30 Crushed  E*, , and FN 
3 Surface 12.5 58-28 5.2 30 Sized E*, , and FN 
4 Base 12.5 58-28 5.5 30 Sized E*, , and FN 
5 Surface 12.5 58-34 5.2 30 Sized E*, , and FN 
6 Base 12.5 58-34 5.5 30 Sized E*, , and FN 
71 Surface 12.5 58-34 5.2 20 Crushed  E*, , and FN 
81 Base 12.5 58-34 5.5 20 Crushed  E*, , and FN 
1 WMA; 2 PL sample types. 
MnROAD data were used to quantify the variability within each mechanical property for 
the different mixtures and to determine the effects of a number of design and test variables on the 
observed variability.  Figures 3-3a, 3-3b, and 3-3c illustrate the overall average COV for the 
eight mixtures for tests conducted at different temperatures and frequencies.  The reason for the 
overall high variability observed for Mixture 4 in Figure 3-3a is unclear.  The variability for this 
mixture was particularly high at 21.1°C and 37.8°C, but at the other test temperatures, it was 
comparable to the other mixtures.   This mixture was treated as an outlier and, therefore, was not 
included in the remainder of the analysis.  Excluding Mixture 4, the COV ranged from 8.1 to 
12.3% for the complex modulus with an average of 10.9% and from 2.0 to 5.7% for the phase 
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(a) Test Frequency 
 
(b) Test Temperature 
Figure 3-4.  Complex Modulus COV Averages versus (a) Test Frequency and (b) Test 
Temperature 
 
  As shown in Table 3-10, temperature, mixture, and frequency had significant effects on 
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AASHTO T 030.  Air voids and field density were measured using the saturated surface dry 
(SSD) method (AASHTO T 166); field density was expressed as a percentage of Gmm.  While 
measurements were performed by the state and contractor on split samples, third party 
measurements were conducted on independent samples.  One measurement was performed by 
the contractor in each sublot of 1,000 tons, while one measurement was performed by the state 
and the third party in each lot of 4,000 tons.  A lot is defined at the plant as 4,000 tons and 
consists of four sublots of 1,000 tons each.   
Asphalt mixtures had an NMS of either 9.5 mm or 12.5 mm (Superpave 9.5 and 12.5 mm 
or friction course 12.5 mm).  Prior to conducting the analysis and due to the large size of the data 
set, the validity of the individual records was verified.  Filters were applied to the data to ensure 
that abnormal records were removed.  For instance, if a mixture had a VMA greater than 25% or 
an air void greater than 15%, this data record was removed.  Similarly, a record with a 
percentage passing that does not gradually increase with the increase in sieve size was flagged 
and removed.  The researcher shared these filters with the contact in Florida DOT and they were 
approved.  In fact, the Florida contact recommended removing any record having a difference 
between the target AC and the measured AC of greater than 1%.  This filter was incorporated in 
the pre-screening analysis. 
The level of variability observed in the collected volumetric properties within each 
sample type was quantified.  Figures 3-5 through 3-9 present structured histograms used to 
illustrate the distribution of variability (standard deviation) calculated for the dependent variables 
(i.e., air voids, asphalt content, VMA, VFA, and field density).  Due to the large number of 
mixtures, histograms allow one to visually demonstrate the general trends in the whole data set.  
In these figures, individual mixtures were grouped together in classes that exhibit similar 
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variability so that the researcher can determine how frequently data in each class occurs in the 
data set.  A histogram can be converted to a probability distribution by dividing the tally in each 
group by the total number of data points (i.e., mixtures).  It is noted that a number of mixtures 
were not included in this analysis, as only one replicate was available, rendering the estimation 
of variability impossible.  The percentage of mixture excluded ranged from 15 to 40% with a 
higher number of mixtures excluded for state and third party measurements.  Most of the 
volumetric properties appear to follow a probability distribution function that is symmetric or 
slightly skewed around its mean.  However, for VMA and VFA, a double peak distribution is 
observed.   
 
 
































Figure 3-6.  Histogram Distribution of the Variability in Air Voids Measurements 
 
 



























































Figure 3-8.  Histogram Distribution of the Variability in VMA Measurements 
 
 
Figure 3-9.  Histogram Distribution of the Variability in Field Density Measurements 
 
The mean of the variability illustrated in Figures 3-5 through 3-9 is presented in Tables 3-
11 and 3-12 for each of the dependent variables.  It is interesting to note that the variability in 



















































Indiana data.  These results also show that the variability in the contractor’s measurements was 
less than the variability observed in the state and third-party measurements. 
Single-factor ANOVA was performed to ascertain any differences between state, 
contractor, and third party for the dependent variables.  Figures 3-11 and 3-12 present structured 
histograms used to illustrate the number of mixtures that showed statistically significant 
differences and those that did not show significant differences.  It is clear from these figures that 
the majority of mixtures did not show statistically significant differences between testing 
conducted by the state, contractor, and third party.  This comparison was mostly inconclusive for 
the Illinois and Indiana data with some of the mixtures showing statistically significant 
differences and others not showing any differences. 
Table 3-11.  Levels of Variability in Florida Properties (STDEV and COV) 
Properties Operator Sample 
Type 
Variability 
(STDEV - %) 
% COV 
Air Voids C PL 0.55 14.5 
Air Voids S PL 0.63 16.9 
Air Voids T PL 0.68 17.9 
Asphalt Content C PL 0.17 3.0 
Asphalt Content S PL 0.18 3.2 
Asphalt Content T PL 0.18 3.2 
Field Density C PF 0.75 0.8 
Field Density S PF 0.79 0.9 
Field Density T PF 0.90 1.0 
VMA C PL 0.45 3.1 
VMA S PL 0.54 3.8 
VMA T PL 0.51 3.6 
VFA C PL 3.40 4.7 
VFA S PL 4.01 5.5 
VFA T PL 4.20 5.8 
Passing 12.5 mm C PL 0.91 1.0 
Passing 12.5 mm S PL 1.08 1.2 




Table 3-12.  Levels of Variability in Florida Properties (STDEV and COV) 
Properties Operator Sample Type Variability 
(STDEV - %) 
% COV 
Passing 9.5 mm C PL 1.61 1.8 
Passing 9.5 mm S PL 1.82 2.1 
Passing 9.5 mm T PL 1.65 1.9 
Passing No. 4 C PL 2.39 3.6 
Passing No. 4 S PL 2.66 4.1 
Passing No. 4 T PL 2.56 3.8 
Passing No. 8 C PL 1.75 3.7 
Passing No. 8 S PL 2.12 4.6 
Passing No. 8 T PL 2.07 4.35 
Passing No. 16 C PL 1.56 4.4 
Passing No. 16 S PL 1.76 5.0 
Passing No. 16 T PL 1.65 4.6 
Passing No. 30 C PL 1.37 4.9 
Passing No. 30 S PL 1.54 5.6 
Passing No. 30 T PL 1.44 5.1 
Passing No. 50 C PL 1.12 5.8 
Passing No. 50 S PL 1.27 6.6 
Passing No. 50 T PL 1.21 6.1 
Passing No. 100 C PL 0.64 7.0 
Passing No. 100 S PL 0.76 8.2 
Passing No. 100 T PL 0.68 7.3 
Passing No. 200 C PL 0.34 7.4 
Passing No. 200 S PL 0.39 8.5 









Figure 3-11.  Histogram Distribution of the Differences between State, Contractor, and Third 
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Levels of Variability 
The researcher estimated the variability of the measurements per mixture and, when frequencies 
permitted, per lot.  Performing the variability analysis per mixture was necessary for a number of 
data sets as the frequency of lot measurements did not offer replicates.  If only one replicate is 
available per lot, the estimation of variability is not possible.  However, since payment is usually 
administered per lot, the assessment of variability per lot appears more realistic and was carried 
out whenever possible. 
Table 3-14 compares the average variability of contractor and acceptance volumetric 
measurements computed on the basis of lots and mixtures.  The lot analysis calculates the 
variability for each lot and then computes the overall average standard deviation for the 
dependent variable.  In contrast, the mixture analysis combines all lot measurements for a single 
mixture into one population and then computes one overall standard deviation for the dependent 
variable.  For example, 0.42 is the average standard deviation of air voids measurements based 
on the analysis of 2,245 lots, while 0.50 is the average standard deviation of air voids 
measurements based on the analysis of 304 mixtures.  As shown in this table, the estimated 
variability from the lot analysis was less than the variability estimated from the mixture analysis.  
This result was expected, as the mixture analysis combines the lot by lot variability with the 
mixture variability in the estimation of the overall variability.  While this difference in reporting 
variability has not been discussed in literature, results imply that these two types of analyses 
cannot be assumed to describe the same type of variability.  As shown in Table 3-14, the 
variability in the contractor’s measurements was less than the variability observed in the state 
measurements.  The variability reported in Table 3-14 was comparable to the calculated 
variability for other data sets. 
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Table 3-14.  Variability Analysis for the Kansas DOT Data 
















Air Voids C 0.42 10.2 2245 0.50 11.99 304 
Air Voids S 0.51 12.4 2223 0.63 14.79 285 
Field 
Density 
C 0.99 1.1 
 
3528 1.23 1.33 240 
Field 
Density 
S 1.19 1.3 3523 1.49 1.61 240 
State vs. Contractor 
For each mixture type, single factor ANOVA was performed to ascertain the differences (if any) 
between state and contractor population means for the dependent variables (i.e., air voids and 
field density).  While single factor ANOVA usually assumes equivalent variances, calculation of 
the variances for state and contractor measurements revealed differences between contractor (C) 
and state (S) population variances for 20% of the mixtures.  A plot of the variances for air void 
measurements shows that state measurements had more scatter than contractor measurements, 
see Figure 3-12.  To address the difference in population variances, conventional ANOVA 
(pooled estimate of the common variance assuming equivalent variances) was complemented 
with two types of analysis: Satterthwaite Approximation (approximation of the P-value for the 
test of equality of contractor and state population means based on different contractor and state 
population variances) and no assumption for the variances (choosing the appropriate result based 
on whether or not contractor population variances and state population variances can be 
concluded to be different). Table 3-15 compares state and contractor measurements based on the 





Figure 3-12.  Comparison of Contractor and Kansas DOT Air Voids Variances  
 
While results of the three methods appear to follow similar trends, since 80% of the 
conducted tests had equivalent variances, the statistically correct method is the third approach, 
which does not assume either equality or inequality of the variances.  This is the method that was 
used in the analysis whenever comparing the differences in population averages between two 
groups was of interest.  As shown in Table 3-15, while statistical differences were found between 
state and contractor density averages, the majority of the comparisons supported that air void 
measurements conducted by the state and the contractor were statistically equivalent. 
 
Table 3-15.  Analysis of Variance for the Kansas DOT Data 
Property  No. of 
Mixes 
Tested 
Equal Variances Satterthwaite No Assumption 
% of Mixes with 
Differences 
% of Mixes with 
Differences 
% of Mixes with 
Differences 
Air Voids 285 16 8 14 
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State vs. Contractor 
For each mixture type, single factor ANOVA was performed to determine the differences (if 
any) between state and contractor for the dependent variables (i.e., air voids, asphalt content, 
VFA, VMA, and Gmb).  Significance tests were based on the F distribution with no assumption 
on the equality of variances.  As shown in Table 3-16, the majority of the comparisons supported 
the conclusion that measurements conducted by the state and the contractor were statistically 
equivalent.  The number of mixes tested varied for the different properties depending on the 
availability of at least two replicates for each mix to allow for the statistical comparison.   
Levels of Variability 
For each mixture type, the level of variability (standard deviation) observed for the dependent 
variables was quantified.  Replication within a particular mixture was provided by the sublots 
and lots within the mixture, so that the observed variability for the mixture included variability 
between sublots.  As shown in Table 3-17, the variability in the contractor’s measurements was 
comparable to the variability observed in the state’s measurements.  The results of the five 
methods used to measure AC content were combined in calculating the variability presented in 
Table 3-17.  The comparison of these test methods is presented in the following section.  Table 
3-18 presents the variability observed in the gradation measurements conducted by the 
contractor. 
Comparison of Asphalt Content Test Methods 
Five test methods were used in the determination of asphalt content.  The variabilities observed 








% of Mixes with 
Differences 
Air Voids 77 9 
Asphalt Content 39 10 
VMA 77 10 
VFA 77 13 
Gmb (Lab) 75 7 
 
Table 3-17.  Levels of Variability in Kentucky DOT Volumetric Properties (STDEV) 
Property Performed by Variability 
STDEV 
% COV 
Air Voids C 0.59 15.7 
Air Voids S 0.64 17.3 
Asphalt Content C 0.19 4.3 
Asphalt Content S 0.17 4.2 
VMA C 0.58 4.5 
VMA S 0.60 4.7 
VFA C 3.72 5.3 
VFA S 4.08 5.7 
Gmb C 0.015 0.6 
Gmb S 0.016 0.7 
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L-14).  Air voids were measured using the CoreLok vacuum test method (OHD L-45) for only 
five mixtures.  Since only three of the five mixtures allowed for quantification of repeatability, 
these data were considered insufficient and are not presented in this report.  AC was measured 
using the ignition oven method (OHD L-26).  Measurements were conducted only by the state 
and no information was provided on sublot, lot, and NMS of the mixtures. 
Provided measurements were used to quantify the levels of variability observed in the 
collected volumetric properties within each sample type.  For each mixture, the level of 
variability (standard deviation) observed for the dependent variables was quantified.  Replication 
within a particular mixture ranged from 2 to 124, depending on the number of measurements 
conducted for each mixture.  Table 3-20 presents the variability calculated for each volumetric 
property based on state measurements.  Similarly, Table 3-21 presents the variability observed in 
the gradation measurements.  The data for the sieve size of 37.5mm appear unrealistic and will 
not be used in the summary of the statistical analyses presented in this report.  Typically, the 
variability of the top sieve size is unreliable (skewed) because it cannot exceed 100%. 
Table 3-20.  Levels of Variability in Oklahoma DOT Volumetric Properties (STDEV and COV) 
Property Variability 
(STDEV)




Air Voids (SSD) 0.38 10.3 PL 2001 
Asphalt Content 0.20 4.4 PL 935 
VMA 0.38 2.9 PL 1796 
Gmb 0.008 0.3 PL 2004 
 
Due to the large number of mixtures, histograms were used to visually illustrate the general 
trends in the whole data set.  Figures 3-13 through 3-16 present structured histograms used to 
illustrate the distribution of variability (standard deviation) calculated for the dependent variables 
































y so that it c
f mixtures w
 the estimat
s “NA.”  As
peak distrib
sign factors













g 9.5 mm 
g No. 4 
g No. 8 
g No. 16 
g No. 30 
g No. 50 
g No. 100 





 shown in th
ution.  It is p





























S.  A simila
equire furth
rtation (Iow
















































ta in each c




 noted in the
n in future r
vided volum
tric data inc

































It is noted th
available, 
 in the categ
appear to ex
re observed

















Figure 3-13.  Histogram Distribution of the Variability in Air Voids Measurements 
 
 
















































Figure 3-15.  Histogram Distribution of the Variability in Bulk Specific Gravity Measurements 
 
 
Figure 3-16.  Histogram Distribution of the Variability in VMA Measurements 
  Field density and Gmm were measured for 18 different mixture types, which include one base 
course, eight intermediate courses, and nine surface mixes; while air voids were measured for a 
total of 19 different mixture types of six base courses, seven intermediate courses, five surface 
mixes, and a shoulder mix.  For field density measurements, a lot is defined as one day of 
production, which is divided into eight equivalent sublots.  Gmm testing is conducted on a field-
collected sample at a frequency of one per lot (or one per day), while one Gmb testing is 
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(b) Phase Angle 
Factor DF P-Value Conclusion 
Temperature 2 NA1 Significant2 
Frequency 5 NA1 Insignificant3 
AC Content 3 0.62 Insignificant 
Air Voids 1 0.79 Insignificant 
NMS 1 0.47 Insignificant 
1 eight P-values are available; 2 7 out of 8 mixtures with significant effects; 3 8 out of 8 mixtures 
with no significance. 
 
The asphalt mixtures had NMS ranging from 4.75 to 37.5 mm.  The volumetric data included air 
voids, voids in the mineral aggregate, voids filled with asphalt, asphalt content, Gmm, and bulk 
specific gravity.  While bulk specific gravity was measured using the SSD method, field density 
was measured using both nuclear method and cores.  Asphalt content was measured by the 
ignition oven method (AASHTO T 308), but the contractor had the option to request an alternate 
method. 
The increment for contractor sampling and testing was 750 tons.  NCDOT tests were on 
split samples and were performed at 10% of the contractor testing rate.  For mat compaction, a 
lot was a day’s production.  For densities obtained by the nuclear gage, the contractor performed 
five tests at equivalent intervals in each 610 meter test section and reported the results as the 
average of the five tests.  NCDOT conducted retests (at the same locations) in 10% of the test 
sections.  For densities obtained using cores, the contractor extracted and tested one core in each 
610 meter test section.  NCDOT conducted retests (same cores) and tested comparison cores 
(taken adjacent to the contractor C core locations) in 10% of the test sections.  These data were 
used to identify differences between state and contractor measurements, to compare cores and 
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nuclear density measurements, and to quantify the levels of variability in the collected 
volumetric properties. 
State DOT vs. Contractor 
For each mixture type, single factor ANOVA was performed to ascertain the differences (if any) 
between state and contractor for the dependent variables (i.e., asphalt content, air voids, bulk 
specific gravity, Gmm, VMA, VFA, field density, and gradation).  Significance tests were based 
on the t-distribution with no assumption on the equality of variances.  As shown in Tables 3-24 
and 3-25, the majority of the comparisons supported the conclusion that measurements 
conducted by the state and the contractor were statistically equivalent. 
Table 3-24.  Analysis of Variance for the NCDOT Data 
Property Sample Type 
Number of 
Mixes Tested 
% of Mixes with 
Differences 
Asphalt Content PL 556 8 
Air Voids PL 547 15 
Gmb PL 531 15 
Gmm PL 531 20 
VMA PL 546 16 
VFA PL 544 16 
Field Density PF 850 13 
 
Comparison of Field Density Test Methods 
Two test methods were used in the determination of field density.  An ANOVA was 
conducted to determine whether these methods were statistically different.  Out of 207 mixtures 
with measurements conducted using both test methods, 67 mixtures (32%) showed statistical 
differences between test methods. 
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% of Mixes with 
Differences 
Passing 25.0 mm 125 11 
Passing 19.0 mm 271 8 
Passing 12.5 mm 464 13 
Passing 9.5 mm 530 13 
Passing No. 4 552 11 
Passing No. 8 556 12 
Passing No. 200 557 24 
   
Table 3-26 illustrates the levels of variability observed for each of these test methods.  As shown 
by these results, the variability of the SSD test method was higher than for the nuclear test 
method. 
Table 3-26.  Average Levels of Variability in NCDOT Field Density Measurements (STDEV 
and COV) 
Test Method Operator Sample Type Variability 
(STDEV - %) 
% COV 
SSD C & S PF 1.29 1.4 
Nuclear Method C & S PF 0.94 1.0 
Levels of Variability 
For each mixture type, the level of variability (standard deviation and COV) observed for the 
dependent variables was quantified, see Tables 3-27 and 3-28.  Replication within a particular 
mixture was provided by the sublots and lots within the mixture, so that the observed variability 
for the mixture included variability between sublots.  Performing the variability analysis per 
mixture was necessary as the frequency of lot measurements did not offer sufficient replicates.  
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Table 3-28.  Levels of Variability in NCDOT Gradation Properties (STDEV and COV) 




Passing 25.0 mm C 1.70 1.8 
Passing 25.0 mm S 1.74 1.8 
Passing 19.0 mm C 2.30 2.6 
Passing 19.0 mm S 2.26 2.6 
Passing 12.5 mm C 3.42 3.1 
Passing 12.5 mm S 3.54 3.2 
Passing 9.5 mm C 2.53 3.5 
Passing 9.5 mm S 2.54 3.5 
Passing No. 4 C 2.98 5.4 
Passing No. 4 S 3.08 5.5 
Passing No. 8 C 2.37 5.7 
Passing No. 8 S 2.73 6.5 
Passing No. 30 C 1.73 7.1 
Passing No. 50 C 1.28 8.3 
Passing No. 200 C 0.46 9.2 
Passing No. 200 S 0.52 10.1 
 
The latter two mechanical properties were measured by only eight states compared to the 16 
states with volumetric properties. 
While the ignition oven was used by all states for measuring the asphalt content, five 
states (KS, LA, MA, NY, and WA) also reported AC measurements using the nuclear method.  
Gradation was conducted on the recovered aggregates with a few cases where belt-sampled 
aggregate gradation was obtained.  Dynamic modulus tests were conducted at four temperatures 
(4.4, 21.1, 37.8, and 54.4oC) and seven frequencies (25, 10, 5, 1, 0.5, 0.1, and 0.01 Hz) in 
accordance with AASHTO TP 62-03.  The flow number test was conducted at a single 
temperature of 59.8oC and at two confining pressures (0 and 10 psi).  Two sample-types (PL and 
LL) were used in conducting volumetric and mechanical measurements; however, volumetric 
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measurements for LL samples did not offer replicates.  The number of replicates in volumetric 
measurements ranged from 2 to 21.  The number of replicates for mechanical measurements 
ranged from 3 to 4 for the dynamic modulus test and from 2 to 4 for the flow number test. 
Variability of Mechanical Data 
FHWA data were used to quantify the variability within each volumetric and mechanistic 
property for the different mixtures and to determine the effects of a number of design and test 
variables on the observed variability.  Table 3-29 illustrates the average COV calculated for the 
mechanistic properties and for the various mixtures provided as part of this data set.  For LL 
samples, the COV ranged from 5.2 to 22.0% for the complex modulus with an average of 10.0%, 
from 1.4 to 9.8% for the phase angle with an average of 4.1%, and from 1.1 to 120% for the flow 
number with an average of 37.3%.  For PL samples, the COV ranged from 4.5 to 14.2% for the 
complex modulus with an average of 10.1%, from 2.1 to 6.6% for the phase angle with an 
average of 4.8%, and from 4.5 to 159% for the flow number with an average of 52.1%.  The 
variability in the flow number was significantly higher than those observed for the complex 
modulus or the phase angle.  This trend was expected as recent research reported that the current 
protocol used in the Asphalt Mixture Performance Tester (AMPT) to determine flow number is 
very sensitive to data noises.  This may result in identifying erroneous flow number results, 
especially for modified mixes (60).  These levels of variability appear to be in line with the 












Complex Modulus PL 17 10.1 
Complex Modulus LL 25 10.0 
Phase Angle PL 17 4.8 
Phase Angle LL 25 4.1 
Flow Number  PL 47 52.1 
Flow Number LL 34 39.0 
 
A multi-factor ANOVA was conducted in order to ascertain the statistical significance of 
the effects of temperature, frequency, sample type, and mixture on the observed variability for 
the dynamic modulus and the phase angle.  As shown in  
Table 3-30, temperature, mixture, sample type, and frequency had significant effects on 
the variability of the dynamic complex modulus.  In contrast, the interaction between test 
temperature and frequency was not significant.  For the variability of the phase angle, test 
temperature, frequency, mixture, and sample type had significant effects as well as the 
interaction between temperature and frequency. 
 
Table 3-30.  ANOVA for the FHWA Data for Complex Modulus and Phase Angle 
(a) Complex Modulus 
Factor DF P-Value Conclusion 
Temperature 3 < 0.001 Significant 
Frequency 6 < 0.001 Significant 
Mixture ID 15 < 0.001 Significant 
Sample Type 1 < 0.001  Significant 





(b) Phase Angle 
Factor DF P-Value Conclusion 
Temperature 3 < 0.001 Significant 
Frequency 6 < 0.001 Significant 
Mixture ID 15 < 0.001 Significant 
Sample Type 1 < 0.001 Significant 
Temp x Freq 18 < 0.001 Significant 
 
Variability of Volumetric Data 
Table 3-31 presents the average levels of variability (standard deviation and COV) calculated for 
the volumetric variables (i.e., AV, AC, Gmm, Gmb, VMA, VFA, aggregate absorption, moisture, 
and dust to asphalt ratio) within each mixture type.  This analysis was only conducted on PL 
samples, since the LL samples were not tested in replicates.  The levels of variability appear to 
be in line with the estimates obtained from other independently measured data sets.  However, 
one should note that this data set was the only set that allowed quantification of the variability 
observed in aggregate absorption, moisture content, and dust to asphalt ratio. 
Comparison of AC Test Methods 
Two test methods were used in the determination of AC content (i.e., the ignition method and the 
nuclear method).  The variability observed in these two methods were compared.  Both of these 
methods provided the same overall levels of variability (STDEV = 0.21%).  In addition, both of 
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within each sample type (PL for air voids, Gmm, Gmb, asphalt content, and gradation, and PF for 
field density, Gmm, and air voids).   
Levels of Variability 
The level of variability (standard deviation and COV) observed for the dependent variables was 
quantified.  Replication within a particular mixture was provided by daily measurements within 
the mixture, so that the observed variability for the mixture included variability between sublots.  
As shown in Table 3-32, the levels of variability for AC measurements seem to be comparable to 
the levels of variability reported for other data sets in the US.   
Table 3-32.  Levels of Variability in OOMS Volumetric Properties (STDEV. and COV) 





Asphalt Content 87 PL 0.25 4.8 
Air Voids 87 PL 1.04 24.6 
Air Voids 51 PF 1.39 29.2 
Gmb 87 PL 0.033 1.3 
Gmb 51 PF 0.020 0.8 
Gmm 87 PL 0.019 0.7 
Gmm 51 PF 0.021 0.8 
Passing 16 mm 87 PL 2.13 2.3 
Passing 12.5 mm 87 PL 3.22 4.1 
Passing 8 mm 87 PL 5.18 8.3 
Passing 4 mm 87 PL 3.57 6.9 
Passing 2 mm 87 PL 2.86 7.6 
Passing 1 mm 87 PL 1.85 7.6 
Passing 0.25 mm 87 PL 1.03 9.4 
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Air Voids 0.61 15.3 
VMA 0.47 3.5 
Field Density 1.2 1.3 
Gmm 0.008 0.3 
Gmb 0.013 0.5 
Passing 25.0 mm 2.66 2.8 
Passing 19.0 mm 2.00 2.2 
Passing 12.5 mm 2.65 3.3 
Passing 9.5 mm 3.21 4.6 
Passing No. 4 2.85 5.6 
Passing No. 8 2.31 6.1 
Passing No. 16 1.88 6.4 
Passing No. 30 1.55 7.0 
Passing No. 100 0.69 10.7 




Table 3-34.  Summary of Levels of Variability (STDEV) for (a) Volumetric Properties and (b) 
Gradation Properties 







Min. Max. Average 
Air Voids 
C PL 0.40 0.84 0.60 
S PL 0.36 0.99 0.61 
T PL 0.68 0.91 0.81 
Asphalt Content 
C PL 0.17 0.22 0.19 
S PL 0.17 0.24 0.20 
T PL 0.18 0.21 0.20 
VMA 
C PL 0.37 0.58 0.49 
S PL 0.38 0.65 0.53 
T PL 0.51 0.64 0.58 
VFA 
C PL 3.40 4.08 3.73 
S PL 4.01 4.93 4.34 
T PL 4.20 5.16 4.68 
Gmb 
C PL 0.013 0.017 0.015 
S PL 0.008 0.018 0.014 
T PL 0.016 0.016 0.016 
S PF 0.025 0.025 0.025 
Gmm 
C PL 0.012 0.012 0.010 
S PL 0.008 0.012 0.009 
T PL 0.011 0.011 0.011 
Field Density 
C PF 0.74 1.44 1.13 
S PF 0.79 1.49 1.23 






(b) Gradation Properties 
Sieve 
Size 







Min Max Min Max Min Max 
25.0 mm 1.70 2.66 2.12 1.74 1.79 1.77 0.68 0.68 0.68 
19.0 mm 0.82 2.59 1.93 0.91 2.26 1.64 1.28 1.28 1.28 
12.5 mm 0.91 3.54 2.14 1.08 2.54 1.79 0.89 2.15 1.52 
9.5 mm 1.61 3.75 2.60 1.82 2.54 2.25 1.65 2.29 1.97 
No. 4 1.87 3.48 2.71 2.19 3.08 2.66 2.37 2.56 2.47 
No. 8 1.75 2.38 2.13 2.12 2.73 2.30 1.76 2.07 1.92 
No. 16 1.56 2.05 1.81 1.70 1.76 1.73 NA NA NA 
No. 30 1.37 1.73 1.54 1.43 1.89 1.62 NA NA NA 
No. 50 1.12 1.28 1.18 1.07 1.27 1.17 NA NA NA 
No. 100 0.64 0.99 0.78 0.76 0.83 0.80 NA NA NA 
No. 200 0.34 0.84 0.60 0.39 0.66 0.52 0.40 0.40 0.40 
 





E* 10.0 23.8 13.9 
Phase angle 3.9 15.4 7.1 
Flow Number 37.3 52.1 45.2 





Table 3-36.  Average Levels of Variability (STDEV) for (a) Volumetric and (b) Gradation 
Properties 





Asphalt Content PL 0.17 – 0.29 0.20 
Air Voids PL 0.33 – 0.99 0.62 
VMA PL 0.38 – 0.64 0.54 
VFA PL 3.40 – 4.92 4.03 
Gmb PL 0.008 – 0.018 0.015 
Gmb PF 0.008 – 0.033 0.019 
Gmm PL 0.005 – 0.012 0.011 
Field Density PF 0.74 – 1.49 1.11 
 





25.0 mm PL 1.55 – 2.66 1.86 
19.0 mm PL 0.93 – 2.59 1.77 
12.5 mm PL 0.99 – 3.54 2.17 
9.5 mm PL 1.50 – 3.75 2.35 
No. 4 PL 1.87 – 3.48 2.62 
No. 8 PL 1.62 – 2.62 2.20 
No. 16 PL 1.70 – 2.05 1.81 
No. 30 PL 1.43 – 1.84 1.60 
No. 50 PL 1.07 – 1.22 1.16 
No. 100 PL 0.80 – 0.99 0.87 
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available.  Data were available for a wide range of NMS.  A multi-factor ANOVA test was 
performed using the standard deviations of the mixtures as the independent variable.  This 
analysis was used to determine the effect of “Specimen Type,” “Performed By,” and “NMS.” 
 
Table 3-39.  Number of Replicates in the Data Set Used in the Meta-Analysis of AV 
 
 




4.75 9.5 12.5 19 25 37.5 
PL PF PL PF PL PF PL PF PL PF PL PF 
Contractor 4 1336 2453 283 234 17 
State 5 1228 2521 2 913 1 215 6 11 
Third Party 528 1488 8 1 
 
Table 3-40 presents the results of the ANOVA analysis for the AV data.  Only the 
“Performed By” main effect was not significant.  This result indicates that the levels of 
variability in the contractor, state, and third party groups were not statistically different.  The 
other main effects, “Specimen Type,” “NMS,” and the two-way interactions of “Specimen Type 
x NMS” and “Performed By x NMS” were all significant. 
Table 3-40.  Results of the Meta-Analysis for AV 
Source DF F-value Pr > F Significance 
SpecType 1 40.58 <0.0001 Significant 
PerformBy 2 0.73 0.4821 Not Significant 
NMS 5 2.85 0.0140 Significant 
SpecType x NMS 2 4.99 0.0068 Significant 
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deviations of individual mixtures as the independent variable in order to determine the effect of 
“Performed By” and “NMS.” 
Table 3-51.  Description of the Data Set Used in the Meta-Analysis of Gradation 
Number of Replicates 
Sieve Size 
(mm) 
37.5 25.0 19.0 12.5 
NMS (mm) C S T C S T C S T C S T 
37.5 14 . . 17 . . 17 . . 17 . . 
25.0 9 . . 223 127 1 244 140 1 237 134 1 
19.0 . 1 . 27 61 2 229 387 8 248 462 8 
12.5 . . . . 6 7 499 369 335 2333 1923 1490
9.5 . . . 2 1 2 46 37 33 624 495 292 
No. 4 . . . . . . . . . 1 1 . 
 
Number of Replicates 
Sieve Size 
(mm or No.) 
9.5 No. 4 No. 8 No. 200 
NMS (mm) C S T C S T C S T C S T 
37.5 17 . . 17 . . 17 . . 17 . . 
25.0 239 135 1 247 140 1 248 134 1 245 141 1 
19.0 235 457 8 239 458 8 246 459 8 249 465 8 
12.5 2452 2045 1491 2450 2061 1488 2452 2051 1491 2449 2058 1486
9.5 1177 912 525 1216 941 527 1217 938 528 1219 952 528 
No. 4 2 1 . 4 2 . 4 3 . 5 5 . 
 
Results of the meta-analysis for gradation are shown in Table 3-52.  In six of the cases 
(sieve sizes 25.0, 19.0, 12.5, and 9.5 mm as well as No. 4 and No. 200), “NMS” had a significant 
effect on the gradation standard deviations.  The two-way interaction, “Performed By x NMS,” 




Table 3-52.  Results of the meta-analysis for gradation 
Sieve size (mm or No.) 
Source Statistic 37.5 25.0 19.0 12.5 9.5 No. 4 No. 8 No. 200
PerforBy 
DF . 2 2 2 2 2 2 2 
F-value . 1.22 2.64 1.21 1.00 1.22 2.60 0.58 
Pr > F . 0.2974 0.0713 0.2975 0.3685 0.2958 0.0746 0.5591
NMS 
DF 1 4 4 5 5 5 5 5 
F-value 1.44 6.34 32.70 133.18 235.59 14.46 1.96 5.04 
Pr > F 0.2431 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0807 0.0001
PerforBy x 
NMS 
DF . 5 6 7 7 7 7 7 
F-value . 0.91 1.27 3.70 5.92 2.86 4.31 1.14 





CHAPTER 4 SUMMARY AND CONCLUSIONS 
The main objective of this research was to quantify sources and causes of variability in the 
measurements of volumetric and mechanical properties of dense-graded asphalt mixtures for 
three types of specimens that may be encountered in QA and mix design activities (LL, PL, and 
PF).  In Task I of this project phase, a comprehensive literature review of the subject was 
conducted.  In addition, the researcher contacted highway agencies and contractors and collected 
a wide array of volumetric and mechanical data.  Since a large amount of data was collected, a 
database was developed in order to organize gathered information in an easily presentable and 
searchable format.  The database and interface were created using Microsoft Office Access 2007.   
In Task 2, a state-by-state analysis was conducted in order to quantify sources and levels of 
variability in volumetric and mechanical data.  In addition, a meta-analysis was conducted based 
on this data to identify sources, causes, and levels of variability for volumetric and mechanical 
properties within and among the three specimen types (i.e., LL, PL, and PF).  Based on the 
results of the analysis, the following findings and conclusions may be drawn: 
 Levels of variability for a wide range of volumetric and mechanical properties were 
quantified and were reported in Tables 3-34, 3-35, and 3-36.   
 Levels of variability were comparable for various state DOTs located in different climatic 
regions. 
 The variability of test results performed by the state and the contractor were statistically 
equivalent for the majority of the volumetric properties. 
 NMS of asphalt mixtures appears to influence the levels of variability observed for the 
various volumetric and mechanical properties. 
 Variability in the flow number tests was excessively high. 
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CHAPTER 5 RECOMMENDATIONS 
The researcher finds that additional research, in the form of a controlled experiment, is 
necessary to determine the effects of “process-based” factors. These factors may include 
aggregate absorption, aggregate toughness, mixture reheating, aggregate moisture content, and 
silo storage time. The data collected in this study were not suited for evaluating these factors. 
The findings of the controlled experiment may be used to establish the differences between 
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